The growth of environmental and clinical coliform bacteria under conditions typical of drinking water distribution systems was examined. Four coliforms (Klebsiella pneumoniae, Escherichia coli, Enterobacter aerogenes, and Enterobacter cloacae) were isolated from an operating drinking water system for study; an enterotoxigenic E. coli strain and clinical isolates of K. pneumoniae and E. coli were also used. All but one of the coliforms tested were capable of growth in unsupplemented mineral salts medium; the environmental isolates had greater specific growth rates than did the clinical isolates. This trend was maintained when the organisms were grown with low levels (<1 mg liter-') of yeast extract. The environmental K. pneumoniae isolate had a greater yield, higher specific growth rates, and a lower Ks value than the other organisms. The environmental E. coli and the enterotoxigenic E. coli strains had comparable yield, growth rate, and Ks values to those of the environmental K. pneumoniae strain, and all three showed significantly more successful growth than the clinical isolates. The environmental coliforms also grew well at low temperatures on low concentrations of yeast extract. Unsupplemented distribution water from the collaborating utility supported the growth of the environmental isolates. Growth of the K. pneumoniae water isolate was stimulated by the addition of autoclaved biofilm but not by tubercle material. These findings indicate that growth of environmental coliforms is possible under the conditions found in operating municipal drinking water systems and that these bacteria could be used in tests to determine assimilable organic carbon in potable water.
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Occurrences of coliforms in finished drinking water in the absence of known breaches of treatment barriers continue to be a major problem in the drinking water industry and have emerged as a critical regulatory issue. Coliforms may grow within the distribution system at the expense of organic carbon. Sufficient quantities of other nutrients (nitrogen, phosphorus) must also be available in the water to support the proliferation of suspended or biofilm coliforms. Levels of bacterial nutrients present in potable water are typically low, with total organic carbon concentrations in finished drinking water varying from 0.05 to 12.2 mg liter-1 (9, 10) . The microbially assimilable fraction is even smaller, ranging from 3 to 500 ,ug liter-' (2, 9) . However, these concentrations of organic material in potable water have been shown to support the growth of various heterotrophic organisms and some coliforms (1, 9, (11) (12) (13) . Since coliforms are traditionally viewed as copiotrophic, especially fecal biotypes, experiments were performed to determine whether coliform bacteria originating from a drinking water distribution system were capable of growth under typical temperature and nutrient concentrations. Prior research on coliform bacteria isolated from a drinking water distribution system demonstrated that no one phenotypic characteristic could differentiate between environmental and clinical isolates of the same species (5), but growth rates have not been previously determined.
In the experiments reported herein we used coliform bacteria isolated from the New Haven, Conn., drinking water distribution system, where unexplained coliform occurrences have been reported (3 Preparation of conditioned cultures. All glassware was acid washed and oven sterilized at 180°C for 3 h. The acidwashing procedure consisted of soaking the glassware in chromic acid for at least 3 h and then rinsing it three times with tap water and three times with ultrapure water. MS medium, which consisted of K2HPO4 (7.0 g liter-'), KH2PO4 (3.0 g liter-'), (NH4)2SO4 (1.0 g liter-'), and MgSO4 7H20 (0.1 g liter-'), was autoclaved prior to use.
All media were prepared with fresh double-glass-distilled water which consistently contained under 0.8 mg of total organic carbon liter-'. Aliquots of 100 ml of MS medium containing 10 Growth experiments. A stock solution of yeast extract was prepared and diluted with double-glass-distilled water to provide final concentrations of 0.1, 0.25, 0.5, and 1.0 mg liter-' in 100 ml of MS medium. The yeast extract contained 62% organic carbon by weight. The flasks were inoculated with the conditioned coliform cultures. A zero time sample was removed, and bacterial numbers were determined in triplicate by the spread plate technique on 10% plate count agar (1/10-strength Difco plate count agar, 1.5% total agar).
Plates were incubated at 25°C for 24 h, and the colonies were counted. The flasks were incubated at 25°C and sampled every 24 h for plate counts until the stationary phase was reached. All experiments were performed with triplicate flasks and were conducted three times.
Similar procedures were used to assess the effect of temperature on the growth of coliforms in the presence of low nutrient concentrations. Triplicate flasks containing 0.1 or 1.0 mg of yeast extract liter-' were inoculated to a final concentration of 102 to 103 coliforms per ml with preconditioned K. pneumoniae, E. coli, or Enterobacter aerogenes. The test flasks underwent stationary incubation at 10, 15, and 20°C. Growth was monitored as in the prior experiments until the stationary phase was reached.
The effect on coliform growth of iron tubercle material from drinking water distribution systems was examined.
Three flasks containing 100 ml of MS medium plus 0.1 or 1.0 mg of yeast extract liter-' and 20 mg of pulverized, autoclaved, and dried iron tubercle liter-' were inoculated with K. pneumoniae as described above. The tubercle material was a composite of samples removed from the New Haven distribution system; it contained, on a dry weight basis, 56% iron, 0.02% manganese, and 0.004% calcium. Aluminum, magnesium, silicon, and total organic carbon concentrations were below the levels of detection. The flasks were incubated at 25°C for up to 3 weeks. Samples were removed routinely, and bacterial numbers were determined in triplicate by the spread plate technique. Prior to inoculation of the plates, the fluid samples were homogenized (Ultra-Turrax; Tekmar Co., Cincinnati, Ohio) at 4°C for 3 min to ensure an even cell distribution in the inoculum.
Experiments were also performed with biofilm material as the sole carbon source. The biofilm, consisting primarily of bacteria and their extracellular polymer, was removed from a simulated polyvinyl chloride distribution system operated with New Haven water (15) . The substance was autoclaved and dispersed in quantities of 1.0 ml per 100 ml of MS medium. Measurements of organic carbon in the biofilm were also performed. Triplicate flasks were inoculated with K. pneumoniae, incubated, and enumerated as previously described.
The period of most rapid growth was used to determine the specific growth rate (,u). It was calculated by the formula p. = (loglo n2 -log10 n,)(2.303)/(t2 -tl), where n2 is the cell number at time 2 (t2) and n, is the cell number at time 1 (tl).
Determination of growth in drinking water. Drinking water samples were collected at sites in the New Haven distribution system where coliforms had been recovered. The samples were frozen in acid-washed sterile 1-liter Nalgene bottles (Nalge Co., Rochester, N.Y.) and shipped to the laboratory. The water was thawed and pasteurized at 65°C for 30 min by the method for assimilable organic carbon described by van der Kooij et al. (14) . Chlorine levels were measured colorimetrically (Hach Co., Loveland, Colo.) and found to be below the level of detection. Four aliquots of 100 ml were dispensed into 250-ml acid-washed and baked Erlenmeyer flasks and inoculated with each of the four conditioned coliform cultures which had received an additional passage in MS medium containing 1.0 mg of yeast extract liter-'. The flasks were incubated at 25°C, and samples were removed daily for enumeration.
RESULTS
The organisms chosen for this study represent four coliform species reported as being most frequently isolated from the water of the cooperating drinking water system. K. pneumoniae made up 30.5% of the total coliforms identified and was the most prevalent species. Enterobacter cloacae was the second most common at 21.8%, E. coli was sixth at 5.3%, and Enterobacter aerogenes was seventh at 2.1%. All isolates except the Enterobacter aerogenes species used in these experiments exhibited a fecal biotype as determined by gas production in EC broth (Difco) at 44.5°C in 24 h.
The origin of the large numbers of coliforms detected during regrowth or aftergrowth events in distribution systems has not been clearly defined, although it is assumed that these coliforms are not the result of breaching the disinfection barrier, of cross-connections, or of main breaks. Current thinking is that they are replicating under distribution system conditions in biofilms on pipe wall surfaces. Experiments were designed to determine whether coliforms from the system that were adapted to the oligotrophic conditions typical of finished drinking water exhibited a higher growth rate than copiotrophic clinical isolates of the same species. demonstrated that Aeromonas hydrophila was capable of growing with 0.1 mg of C liter-' as glucose (13) . Drinking water isolates of this organism were able to reach yields of up to 5 x 105 CFU ml-' in the presence of 0.5 mg of peptone liter-' and 7 x 104 CFU ml-' in distilled water containing 4.2 mg of dissolved organic carbon liter-', with corresponding maximum growth rates of 0.3 and 0.08 h-' (11) . However, growth kinetics and cell yields are lacking for coliform isolates from drinking water, especially those of the fecal biotype. The specific growth rates for the coliform most frequently isolated from the New Haven distribution system, K. pneumoniae, ranged from a low of 0.10 h-1 in unsupplemented glass-distilled water'to 0.29 h-1 at 1.0 mg of yeast extract liter-1 at 25°C. These specific growth rates, on average, exceeded those of the other coliforms tested, as did cell yields. The There has recently been significant interest in the amount of assimilable organic carbon present in drinking water and its effect on coliform growth and distribution system operations (6). Van der Kooij et al. (14) developed the technique in which a specific Pseudomonas strain was grown in drinking water and the resulting increase in cell numbers was converted to levels of acetate utilization. A similar procedure was used in this study with the drinking water coliforms as the inoculum. Four unsupplemented drinking water samples were obtained during a period of normal system operation and were inoculated with K. pneumoniae, E. coli, and Enterobacter aerogenes. Organic carbon concentrations in these water samples varied from 1.44 to 5.44 mg liter-'. All of the water samples supported the growth of at least one of the coliforms when incubated at 25TC. K. pneumoniae and Enterobacter aerogenes each grew in three of the water samples, and the E. coli isolate grew in one. The maximum cell yields were approximately i05 cells for each organism. The water sample with the greatest organic carbon concentration allowed for proliferation of all three coliforms. These results show that sufficient nutrients exist in the distribution water itself to support the growth of coliforms and that environmental isolates may be superior indicator organisms for determining the amount of assimilable organic carbon.
Clearly, the results support the hypothesis that growth of environmental coliform isolates is possible under environmental conditions typically found in distribution systems.
Since these bacteria are the system nuisance organisms and appear to thrive on the conditions therein, it is only reasonable to use them to determine the ability of the water to support their growth. Considering that planktonic growth was demonstrated under low-nutrient and low-temperature conditions, biofilm growth is even more likely, especially since biofilm system conditions have been shown to support coliform growth under nutrient limitation (4, 7) . Because the environmental coliforms tested in these studies were isolated from a distribution system and because they are capable of growth at low temperatures and low nutrient levels which occur in distribution systems, these coliforms can be a component of the biofilm consortia. The public health significance of these results is that fecal coliforms were capable of proliferation, even at low temperatures and under poor nutrient conditions. The tendency to consider these organisms of limited public health significance, even-though they are fecal coliforms, must be cautioned against since an ETEC strain was also able to grow.
